In contrast to many other human diseases, the use of genome-wide association studies (GWAS) to identify genes for heart failure (HF) has had limited success. We will discuss the underlying challenges as well as potential new approaches to understanding the genetics of common forms of HF.
INTRODUCTION
Heart diseases remain the primary cause of death in developed countries, and are expected to overtake infection as the primary cause of death in the developing world [1] . Over the past 30 years, the ageadjusted death rate due to heart diseases has steadily decreased in the United States, from its peak of around 900 deaths per 100 000 men a year to roughly 350 deaths per 100 000 [1, 2] . This stunning decrease can be attributed roughly equally to changes in public health attitudes, such as the decline in cigarette use over this time frame, and new medical interventions, such as statins and portable defibrillators. Despite these decreases in the overall mortality and morbidity of heart disease, heart failure (HF) has resisted this trend. Indeed, between 2000 and 2010, the number of HF-related hospitalizations in the United States has not decreased [3] and HF remains the leading cause of hospitalization in people over the age of 65 [4] . The incidence of HF is predicted to rise over the next 15 years by roughly 25% [1] , a fact that emphasizes the importance and urgency of research that seeks to understand the genetic basis of the disease.
The genetic basis for HF has been well established for many familial cardiomyopathies whose inheritance can be identified as one of the classic 'simple' Mendelian inheritance patterns (such as X-linked dilated cardiomyopathy). In contrast, the complexity and heterogeneity of common nonfamilial forms of HF has made the identification of genes difficult.
The purpose of this review is to examine the difficulties involved in the analysis of human HF using genome-wide association studies (GWAS) ( Fig. 1 ), highlight the current progress in this field, and examine means by which researchers may be able to achieve greater success in the future. been very limited success of GWAS to identify genes for sporadic HF in humans. The limited number of studies are either underpowered or not specific for HF [5] [6] [7] [8] . Consequently, human HF GWAS (see Fig. 1 ) have returned only a handful of associations that reach the accepted genome-wide significance threshold of 5 Â 10 À8 [9] . By comparison, a single meta-analysis of blood lipid traits returned nearly 100 significant loci [10] . The reasons for this disparity are numerous, but can be roughly categorized as follows ( Fig. 2) .
First is the difficulty in obtaining quantitative features of HF. As a clinical diagnosis, the current assessment of HF severity relies on largely noninvasive measurement of ventricular function parameters such as ejection fraction or 6-min walking distance, or New York Heart Association functional classifications, which are highly variable and primarily qualitative in nature. The lack of mechanism-based and disease-specific quantitative measurements for HF results in difficulty in accurately quantifying the disease severity. By comparison, traits such as plasma lipids and blood pressure are easy to measure parameters which can be accurately and quantitatively determined. Unfortunately, most measurements that could be used to quantify ventricular remodeling and function, such as hemodynamic pressure development, tissue weight, tissue fibrosis or gene expression, require invasive procedures that are not feasible in largescale clinical settings. Echocardiographic parameters provide one possible avenue for HF GWAS success, and indeed several groups [11,12 & ] have reported loci using these phenotypes.
The second is the extremely complex cause of HF. It is increasingly clear that HF is a disease with many etiological roots and may in fact encompass several mechanistically distinct diseases. Therefore, using a common parameter, such as ejection fraction or mortality, may not be able to discover unique genetic contributions to specific diseases.
The third category is the significant contributions of environmental variation to human HF. HF results in part from the impact of myocardial infarction and valvular disorders that are themselves highly complex and heterogeneous. Nonfamilial HF is typically a disease of the elderly, and is the result not only of genetic factors that act to either protect or predispose individuals, but also of environmental factors, such as smoking, diet and sedentary life style. This heterogeneity complicates attempts to determine the genetic factors underlying HF and even confounds the determination of just how heritable HF is, with estimates ranging from 24% [13] to 69% [14] . Consequently, HF GWAS may require very large cohorts of human cases in order to overcome the noise introduced by environmental factors.
CURRENT HEART FAILURE GENOME-WIDE ASSOCIATION STUDIES RESULTS IN HUMAN POPULATIONS
Current HF GWAS in humans can be divided into three general categories: all-cause genome-wide studies, genome-wide studies on a narrowly defined phenotype, and studies limited by either population or genotype selection (Table 1) .
KEY POINTS
The genetics underlying common forms of human HF are poorly understood, likely due to a combination of imprecise categorization and environmental factors.
All-cause HF GWAS have proven unable to identify more than a handful of potential candidate genes.
Narrowly focused analyses on specific quantitative phenotypes or limited populations as well as animal models have been able to reveal a number of novel and interesting genetic factors contributing to HF.
Future research should continue to focus on welldefined, quantitative measures of HF when conducting GWAS.
Single nucleotide polymorphisms (SNPs)
Genetic variation across populations
Genome-wide association study 
ALL-CAUSE GENOME-WIDE ASSOCIATION STUDIES FOR HEART FAILURE
To date, there have only been a handful of published all-cause HF GWAS. The earliest published HF GWAS is the Framingham 100k project [8] , which used a panel of 71 000 single nucleotide polymorphisms (SNPs) to examine four major cardiovascular diseases (CVDs): atherosclerotic CVDs, myocardial infarction, atrial fibrillation and HF, in a case/ control study with 73 cases and 1272 controls wherein HF was diagnosed using standard symptomatic observation. This study was unable to identify any significant (P < 5 Â 10 -8 ) associations, and only a single suggestive (P < 10 -5 ) association [8] , likely due to both an underpowered patient cohort and low SNP density.
The Cohorts for Heart and Aging Research in Genomic Epidemiology consortium published a pair of studies in 2010 [7, 15] in which they combined four other studies (including the Framingham study Refined heart failure GWAS FIGURE 2. Challenges and solutions for heart failure genome-wide association study (GWAS). On the left, several problems with traditional heart failure classification as well as complex etiological and environmental confounders impede fruitful GWAS analyses. On the right, possible workarounds for these problems are proposed. LV, left ventricle. above) to perform a meta-analysis on the incidence of HF in their combined cohorts as well as the survival of those individuals. The combined metaanalysis involved nearly 24 000 individuals, of whom 2500 had HF, and examined 2.5 million imputed SNPs. Despite the improved case number, however, only one locus near the USP3 gene with a low minor allele frequency of 3% passed the accepted significance threshold, although the authors were able to identify 36 other suggestive loci, demonstrating the power of the meta-analysis study to identify genes implicated in complex diseases.
GENOME-WIDE STUDIES OF MORE SPECIFIC PHENOTYPES
The above studies examined all cases of HF without discriminating between individuals based on underlying cause or types of HF. As outlined above, the complex etiologies underlying HF mean that the disease is better appreciated as a set of highly related disorders rather than a single, overarching diagnosis. Subsequent studies have attempted to address these complexities by focusing only on a specific class of HF. Villard et al. [6] focused specifically on sporadic dilated cardiomyopathy. Using 1100 cases and 1100 controls, they were able to identify and replicate a significant locus containing BAG3 as well as three other suggestive loci. The most recent study by Meder et al. [16 && ] also chose to examine dilated cardiomyopathy specifically. The authors employed a three-stage strategy in which replication of loci between cohorts was used as positive evidence of association. Using 4100 cases and 7600 controls, they were able to identify novel significant loci, containing the candidate noncoding RNA HGC22, as well as two suggestive loci. The authors also utilized RNA transcriptome arrays to perform an expression quantitative trait analysis in which GWAS techniques are applied to gene expression to suggest that this locus regulates a number of myosin heavy chain genes, whose connection to dilated cardiomyopathy remains unclear.
A number of other studies have focused on even narrower sets of phenotypes, sometimes limiting themselves to a single parameter rather than the disease as a whole in order to attempt to understand a specific pathological feature of HF. Several of these studies [11,12 & ] have focused on echocardiographic parameters such as left ventricular internal dimension that are routinely obtained in cardiology clinics via noninvasive ultrasonic imaging. Perhaps most importantly, these parameters are quantitative clinical traits rather than qualitative, an important distinction that allows more sophisticated analyses and more reliable and significant results. These two studies examined roughly 23 000 individuals in combination and were able to identify three significant loci for interventricular septal wall thickness with candidates (PPAPDC1A, PLN, SLC35F1) and five significant loci for aortic root size with candidates (SMG6, SPR, CCDC100, HMGA2, PDE3) as well as 16 other suggestive loci. It is striking that, by using a similar number of individuals, studies performed on a more specific phenotype were able to recover eight times as many significant loci as a study that was performed on all-cause HF.
ASSOCIATION STUDIES THAT LIMIT GENETIC DIVERSITY
Another avenue that has been explored is to either limit the number of SNPs tested in order to reduce the significance threshold, or focus explicitly on a small, genetically homogeneous population in order to reduce extraneous factors. Cappola et al. [17] took this first approach, studying 4700 individuals but only examining SNPs near 2000 prioritized candidate CVD genes, and therefore having an adjusted significance threshold of only 5 Â 10 À5 . They were able to identify two significant loci near the genes HSPB7 and FRMD4B. Parsa et al. [5] examined HF mortality in an Amish founder population of only 850 individuals with follow-up in a cohort of 2000 Caucasians. Using fewer than 3000 individuals, they were able to identify one significant locus near COL17A1 and 18 suggestive loci for left ventricular mass.
ADDRESSING THE DIFFICULTIES OF HUMAN GENOME-WIDE ASSOCIATION STUDIES
As explained above, the striking heterogeneity of human HF has complicated the use of GWAS to uncover the underlying genetic contributors, and the currently identified candidate genes have revealed limited insights in to the underlying mechanism or pathogenic process of the disease. Indeed, beyond USP3 no genome-wide significant GWAS loci for all-cause HF have been identified. Instead, researchers have achieved greater success when studies have been designed to limit potential sources of introduced noise, for instance, by focusing on quantifiable key clinical features, resulting in 13 significant loci. Future genetic studies for common forms of HF will likely benefit from improved diagnosis for disease stratification and quantification, as well as better insights and candidate genes discovered from animal models (Fig. 2) .
FINDING QUANTITATIVE MEASURES OF HEART FAILURE
Several studies [11,12 & ] have already used echocardiographic parameters to successfully query for genes involved in the regulation of left ventricular function and structure, such as chamber dimensions and thickness. Still others [18] have examined the role of certain metabolites in HF. Recent developments in MRI technology [19] suggest that additional critical phenotypes, such as myocardial fibrosis, will soon be available. These better-annotated clinical features are likely to greatly improve the feasibility and success of genome-wide analysis for HF in the coming years.
ADDRESSING VARIABILITY OF CAUSES IN HUMAN HEART FAILURE
Several successful studies [6,16 && ] have focused on analyzing subsets of all-cause HF. As the heterogeneity of HF onset in humans is so varied, these approaches will invariably have more success than studies of all-cause HF. Recent work to focus on further stratified clinical features of HF, such as HF with preserved or reduced ejection fraction and right-sided HF, should also provide better outcomes for GWAS analyses in humans.
ENVIRONMENTAL VARIABILITY
Nonfamilial HF is a chronic disease and manifests predominantly in the elderly or in people with long-term exposure to other risk factors such as hypertension, metabolic disorder or chronic inflammatory diseases. Furthermore, as the heart is capable of sustained compensatory remodeling, clinicians are rarely able to catch the disease as it progresses, but typically are able to diagnose a patient with HF only after symptoms begin to emerge, further complicating efforts to reveal underlying causes of HF [20, 21] . To overcome these challenges, researchers will need to initiate largescale, decades-long longitudinal studies, which would, themselves, likely address only a portion of the issue.
A more palatable approach to explore the genetics of HF involves the use of animal model systems. There is well-established precedence for the use of animal models to study HF [21] [22] [23] ; however, these studies have primarily been used to investigate the role of individual genes in HF progression. Recently, the development of high-throughput screening technologies, extensive genetic profiling and sophisticated genetic breeding programmes for animal models has allowed researchers to perform similar studies as they would in humans.
GENOMICS OF HEART FAILURE IN ANIMAL MODELS
Animal models have several key advantages over human studies, most notably in the ability for researchers to carefully control the onset and progression of a disease while simultaneously limiting both environmental and genetic variation. By eliminating most sources of biological noise, researchers are able to obtain results comparable with large human studies using only a few dozen to a few hundred genetic strains of animals.
LINKAGE ANALYSIS
Traditional genetics studies in animal models have focused on using linkage analysis to uncover genes modulating sensitivity or resistance to HF [24, 25] . In mice, careful work has been done by the Rockman and Marchuk groups to identify seven genome-wide significant loci influencing the progression of HF in a calsequestrin knockout model [25] [26] [27] . In other model organisms, McDermott-Roe et al. were able to identify the soluble epoxide hydrolase and mitochondrial endonuclease G (Endog) as a HF locus in rats [28] , whereas in canines multiple groups have identified several cardiomyopathy loci [29] [30] [31] and a single locus around the sarcoglycan delta gene has been identified in hamsters [32] .
Despite these successes, the identified loci linked to HF are typically quite large, on the order of tens to hundreds of megabases, which significantly complicates efforts to identify and validate candidate genes. For example, despite identifying seven HF loci in mice, only one [24] has had its gene identified.
GENOME-WIDE ASSOCIATION STUDIES
Recently, driven by advances in computational techniques that deal with the complex interrelatedness of most types of animal models [33, 34] , several GWAS have emerged in both canines [35, 36] and mice [37 & ,38]. These animal models have returned a number of highly significant results. For instance, using only 800 mice, Rau et al. [37 & ] were able to identify seven significant and 18 suggestive loci for HF-related conditions, whereas Hersch et al. [38] were able to identify a large number of both significant and suggestive results using only 23 strains of mice. As a result of the reduced genetic complexity and environmental influences, the outcome of animal-based GWAS for HF has begun to reveal interesting insights into the underlying disease mechanisms. For instance, in the study by Rau et al. [37 & ] genetic variants of calcineurin and sarcoglycan delta were identified to be significantly associated with isoproterenol-induced hypertrophy, whereas Abcc6 was associated with fibrosis in mice.
In addition, Hersch et al. [38] were able to identify mir-21 and Meurs et al. [36] were able to associate PDK4 with HF in canines. These animal studies have potential to integrate with other omics approaches and lead to additional insights into HF.
CONCLUSION
Human HF is a complicated disease that has resisted efforts to understand it using traditional GWAS approaches. Despite these setbacks in the analysis of all-cause HF, researchers have made progress toward identifying the underlying pathways, genes and mechanisms of HF through analysis of subphenotypes, such as echocardiographic parameters, the segregation of HF into a number of component disorders, such as dilated cardiomyopathy or heart failure with preserved ejection fraction, and through the use of animal models. Further research and GWAS using these approaches will undoubtedly lead to a deeper understanding of HF and progression toward more sophisticated and advanced diagnosis and treatment options.
